Understanding the flow in stirred vessels can be useful for a wide number of industrial applications. There is a wealth of numerical simulations of stirring vessels with standard impellers such as the Rushton turbine and pitch blade turbine. Here, a CFD study has been performed to observe the spatial variations (angular, axial and radial) of hydrodynamics (velocity and turbulence field) in unbaffled stirred tank with concave-bladed disc turbine (CD-6) impeller. Three speeds (N =2 96, 638 and 844.6 rpm) have been considered for this study. The angular variations of hydrodynamics of stirred tank were found to be lower as compared to axial and radial variations.
Using "non-standard" tank design will result in difficult fluid flow phenomena that influences the operational characteristics of the processes considered. For example, removing the baffles will change the flow characteristics and therefore the mixing rate, thus altering the effectiveness of the tank design for reaction and phase contacting processes [9] . Baffled tanks give rise to dead zones, actually worsening the mixing performance of an aeration system [10] . Some studies with standard impeller have already been carried out to analyze the fluid flow hydrodynamics (velocity and turbulence field) of unbaffled mixing tanks [4, 9, [11] [12] [13] [14] [15] for its better performance on mixing and power consumption. The advantages of unbaffled tanks over the baffled tanks have also been mentioned by Rao and Kumar [16] . Impeller speed is also a very important parameter to be considered while designing of stirred tanks as the cost required for rotation of impeller is known in terms of power consumption. Some studies [17] [18] [19] [20] [21] have been done to find out the critical impeller speed(certain speed between the minimum and maximum speed when the optimum performance is observed) to achieve a particular satisfactory operational performance in stirred tanks.
Computational fluid dynamics (CFD) arean accepted and well-used means of assessing and optimizing process designs without necessarily incurring the expense of prototype development [22] . The inclusion of CFD simulation with the experimental observations for the analysis of hydrodynamics of fluid flow for proper designing of mixing tanks has been becoming mandatory in the last few decades, because it gives immense and precise result which shows the clear idea about the understanding of the characteristics of fluid flow mechanisms inside the mixing tank.
A detailed study for better understanding of hydrodynamics and mixing characteristics (both local and global) of stirred tanks has been necessitated due to the increasing demand to meet stringent product quality and energy consumption in terms of power consumption in the process industries. Impeller type is an important component of a stirred tank to be selected considering its optimality in performance. The CD-6 impeller is one type of non-standard impeller specially made for improvement in mixing property which can be defined by mean velocities, turbulent kinetic energies, turbulent dissipation rates, oxygen transfer rates, power consumption, etc. The CD-6 impeller is a concave type impeller commercially available from Chemineer. The CD-6 can handle about 2.4 times the maximum gas capacity of the D-6 impeller (Rushton turbine). The CD-6 is similar to the Smith impeller, but there are substantial power and dispersion capability differences. This impeller has been used at aeration numbers as high as 2.1. It is reported in some literature [23] that the CD-6 impeller is better than the Rushton turbine for producing more gas dispersion.
A CFD study was carried out in an unbaffled stirred tank of CD-6 impeller to observe and analyze the degree of velocity and turbulence fields which are directly related to the performance of a mixing tank.The prediction accuracy of adopted CFD methodology was validated through published experimental results. This paper mainly focused on the study of the behavioral characteristics of hydrodynamics of fluid flow and their changes with the change of spatial positions as well as the change of impeller rotational speeds. Power consumption by CD-6 impeller was also compared with the Rushton turbine and Paddle impeller of published literature.
METHODOLOGY Solution domain and boundary conditions
The geometrical configuration of mixing tank used in this study for carrying out the CFD simulation is shown in Figure 1 . An unbaffled flat-bottom cylindrical tank diameter (T) of 200mm with a CD-6 impeller diameter (d) of 80mm mounted at clearance depth (C) of d/5 from tank bottom with a water height (H) of 80mm was adopted for CFD simulation. Tap water with density (ρ) of 998.2 kg/m 3 and dynamic viscosity(μ) of 0.001003 Pa s was used in this study. The sizes of unstructured grid (tetrahedral) generated of the stirred tank are as cells, 287602, faces, 581536 and nodes, 51231.
Axis symmetry in all velocities (axial, radial and tangential), turbulent kinetic energy (k) and turbulent dissipation rate (ε) along the axis is assumed in this numerical simulation. The velocities along the wall satisfy no-slip boundary conditions. The initial condition for each simulation was that of still liquid inside the computational domain. For modeling the turbulence and impeller rotation, standard k-εand MRF approach [24] [25] [26] was used respectively and first order upwind differencing scheme as a discretization schemefor initial solution and after the solution is found fully converged, it was switched to a QUICK scheme. The numerical solution of the equation system was obtained by using the commercial CFD solver FLUENT  .
Model equations
The basic equations solved in a mixing calculation are those describing the flow fluids, namely, conservation of mass (continuity equation), momentum (momentum equation) and energy. 
In Eq. (2), the convection terms are on the left. The terms on the right hand side are the pressure gradient, a source term; the divergence of the stress tensor, which is responsible for the diffusion of momentum, respectively.
Model parameters
Model parameters are important terms and criteria for solving the model equations. An accurate and suitable CFD model also depends on the selection of model parameters. The major model parameters are turbulence model, impeller model, discretization scheme, grid resolution and convergence criteria.
Turbulence model. In the turbulent regime, fluctuations in the mean velocity and other variables occur, and their effect needs to be incorporated into the CFD model in order for the model to be able to provide significant results. This is done through the use of a turbulence model. A process of time averaging the conservation equations for turbulence is included in Navier-Stokes equations. When the turbulence is included the transported quantity (velocity), is assumed to be the sum of an equilibrium and a fluctuating component. After time-averaging over many cycles of the fluctuation, terms containing factors of the fluctuating component average to zero. Hence Eq. (2) becomes:
Equation (3) is called the Reynolds-averaged Navier-Stokes (RANS) equation for momentum. The new term, ' ' i j u u (bar indicates average) is called the Reynolds stresses. For solving this term, the standard k-ε model was used in this study. In this turbulence model, two additional transport equations must be solved in order to compute the Reynolds stresses. It is semi-empirical and the two transport equations that need to be solved for this model are for the kinetic energy of turbulence, k, and the rate of dissipation of turbulence, ε:
whereC 1 , C 2 , ρ k and ρ e are empirical constants. G k is the generation term; the product of velocity gradients and depends on turbulent viscosity:
The solutions for k and ε are used for solving the turbulent viscosity, µ t . Using the values of µ t (Eq. (7)) and k, the Reynolds stresses can be calculated in Eq.
(3) and the new velocity components are used to update the turbulence term, G k (Eq. (6)), and the iteration is repeated until the desired convergence criteria is achieved. The constants used in the standard k-ε turbulence model are C µ = 0.09, C 1 = 1.44, C 2 = 1.92, ρ k = 1 and ρ e = 1.314, respectively.
Impeller model. Stirred tanks typically contain one or more impellers mounted on a shaft. MRF (multiple reference frames) was adopted as an impeller model. In the MRF approach, a rotating frame is used for the region of the rotating components while a stationary frame is used for stationary regions. It is a steady state approach. The impeller is at rest in the rotating frame and the tank walls are at rest in the stationary frame. The grid used for an MRF solution must have a perfect surface of revolution surrounding each rotating frame.
Discretization scheme. For solving the differential governing equations numerically, discretization is required, i.e., change from continuous to disconti-nuous movement of fluid in space and time. Simply put, the region where the fluid flows needs to be described by a series of connected control volumes or computational cells [27] . The order of discretization refers to the convective terms in the governing equations. In this study, a first order upwind differencing discretization scheme was used for initial solution and when the solution is found fully converged, the discretization scheme is switched to QUICK scheme for more accurate results. The QUICK scheme is similar to the second order upwind differencing scheme, with more consideration on the swirling flows. It is a better scheme compared to upwind differencing schemes [27] .
Grid resolution. The sizes of unstructured grid (tetrahedral) of the stirred tank generated in this study are: cells, 287602, faces, 581536 and nodes, 51231. These grid sizes were checked and confirmed when the power input showed little difference at various grid sizes.
Convergence criteria. In this study, the convergence is achieved when the residual of all the equation falls at 10 -4 .
Prediction of power input
Power consumption/input is a crucial characteristic of stirred tank reactors [6] . It is defined as the amount of energy necessary in a period of time, in order to generate the movement of the fluid within a container (e.g., bioreactor, mixing tank, chemical reactor, etc.) by means of mechanical or pneumatic agitation [28] . Ascanio et al. [27] have extensively reviewed the most frequently used techniques for the evaluation of power draw in stirred tanks and fermenters in the areas of electrical measurements (wattmeters, ammeters), calorimeters measurements, by using dynamometers and torque-meters, and system based on strain gauges. The authors also pointed out the importance of using electrical measurements for the measurement of power drawn by motor at the industrial level as the best alternative and about the other remaining techniques which are having limited utility in industrial use due to problems in installation, high cost, etc. In this study, techniques used for power draw measurements in stirred tanks were based on electrical measurements. This method is simple, expenditure is low and little instrumentation is required. The measurements were carried out performing directly in the motor by wattmeters and ammeters [29] . The power available at the shaft was calculated as:
whereP 1 and P 2 are the power requirements under no load and loading conditions at the same speed of rotation. P eff is the effective power available to the shaft.
Reproducibility of measurements has been found to be ±5%. Power consumption is generally expressed in terms of power number and is given as:
where ρ is density of fluid and d is diameter of impeller.
RESULTS AND DISCUSSION
In this section, the validation of the numerical method adopted in this study is presented as a first part comparing simulated results of radial velocity and turbulent kinetic energy with the experimental results obtained from literature. The main focus of this study is on the analysis of spatial variation of mean velocities and turbulent kinetic energy at different radial, axial and angular positions and will be discussed subsequently in this section. In the final section, the comparison of power consumption by different types of impeller in terms of power number will also be presented.
Validation of CFD simulation
The CFD simulated results of radial velocity and turbulent kinetic energy were validated against the experimental results of Wu and Patterson [29] . Due to the lack of available results in literature for the same geometric dimensions and impeller type adopted in our study, different geometric dimension and impeller type have been used for this particular validation part. For the validation of adopted numerical parameters, the same geometrical dimension used by the Wu and Patterson [29] has been modeled in this part. Baffled rpm was modeled using CFD software considering the same numerical parameters used and discussed in the previous "Model parameter" section.
The comparison of simulated normalized velocity (divided by U tip = πdN) with the experimental results of Wu and Patterson [29] at different radial positions is shown in Figure 2 . Overprediction of radial velocity is observed when the radial position is near the impeller tip (r = 5 and 6 cm) and when radial position is nearer to the tank wall (r = 7, 7.7 and 9 cm), underprediction is observed. Overall prediction error in peak normalized radial velocities varies around between 2.54 and -10.15% (by taking the average of error for different radial positions) and it varies around -5.19% (r = 5 cm) and -10.88% (r = 7.7 cm) in case of kinetic energy (positive sign indicates overprediction and negative sign indicates underprediction). This error is within the acceptable range and thus, it can be said that the applied methodology has yielded an acceptable agreement between experimental and simulated values. It can also be observed from these figures that the magnitude of radial velocity is higher at the impeller region as compared with other region of stirred tank. The comparison of simulated normalized turbulent kinetic energy with the experimental results at radial positions of 5 and 7.7 cm is presented in Figure 3 . dynamics. This is the main reason for such discrepancies and hence, in these regions, the grids are necessarily coarsed for finer grid resolution so that accurate results can be obtained. Even after such efforts, there are always some discrepancies in this particular impeller tip region.
Prediction of spatial variations of velocities
Velocity magnitude at different angular and axial positions mixing tank. In these two figures, slight difference inflow movements can be observed and if we consider the power consumption for these two speeds (N = 638 and 844.6 rpm), the higher one will obviously be at N = 844.6 rpm. So, in this condition, efficient speed with good fluid flow movement is observed in Figure 4B 
Radial velocity at different radial positions
The radial velocity of a fluid flow is one the most important characteristics for defining the performance of a stirred tank. The graphical representations of the comparisons of radial velocity at three speeds for different radial positions are presented in Figure 6 . It can be seen that the magnitudes of radial velocities (0 to 1.25 m/s) are higher at the impeller tip (r = 4 cm) (i.e., 0.8 to 1.25 m/s) and decrease as the radial distance approaches the tank wall. Almost identical magnitudes of radial velocity are observed at impeller speeds of 296 and 844.6 rpm when the radial distance is nearer to the impeller tip. However, when the radial distance is away from the impeller tip, the magnitude of radial velocity is similar at 638 and 844.6 rpm. Significant variations of radial velocities at different radial positions are observed in Figure 6 . Due to the lower impeller submergence depth (C = 2.4 cm), the maximum radial velocity flow pattern is seen accumulated at the lower position of stirred tank (near the tank bottom). ler increases to 638 and 844.6 rpm, a slightly similar pattern of TKE is observed ( Figures 8B and 8C) . At higher speeds, the flow movements are strongly extended to the entire tank and are seen in these figures. At lower speed, N = 296 rpm, the flow movement only sticks near the impeller region, it is not approaching the tank wall, which is not acceptable in the process industries when proper fluid mixing is needed. However, the performance of a stirred tank depends on many factors. The degree of turbulence is observed at specific axial positions like higher near, just above and just below the impeller blade when the submergence depth of the impeller is relatively low with the fluid height.
Turbulent kinetic energy at different radial positions
The comparison of TKE shown in Figure 9 for three speeds at different radial positions (r) clarifies the magnitude of having good mixing property. At higher speeds (N = 638 and 844.6 rpm), more characteristics of mixing are observed as compared to lower speed, N = 296 rpm (considered speed for this particular study). Variations of TKE at different radial positions are the same as in the case of velocity magnitude discussed in the previous section.
Impeller design and rotational speeds are important factors in the performance of an agitated reactor. The published literature [17, 20, 21] after a certain increment of impeller speed, there is no more increase in performance efficiency and in some cases it even decreases to a certain extent. This type of situation is not desirable in the operation of mixing in stirred tanks where impeller speeds are very high and more power is consumed. Murthy et al. [30] studied the effects of impeller speeds on three impellers, namely down-pumping pitched blade turbine (PBTD), disc turbine (DT) and up-pumping pitched blade (PBTU) in solid suspension operational condition. The critical impeller speeds found from their study are 390, 570 and 678 rpm for PBTD, DT and PBTU, respectively. It seems from our study that the critical impeller for CD-6 impeller at Newtonian fluid (viscosity does not change much at increasing temperature) is somewhere in between 600 to 900 rpm. However, to verify these results, further studies on a wide range of impeller speeds are required.
Power number
The accurate prediction of the power number is the result of accurate numerical modeling. Generally, the power number is plotted with the impeller Reynolds number, Re = Nd (N = 844.6 rpm). For further clear understanding of power consumption by CD-6 impeller, power number generated from our study was compared with other author's result. Rushton et al. [31] conducted their study on a Rushton turbine having four baffles at the submergence depth (C) of 1/3 of tank diameter (T). CD-6 impeller consumes less power than the Rushton impeller, as shown in Figure 10 . Consistency of the power number curve is observed in the Rushton turbine in the turbulent flow regime. In the case of the CD-6 impeller, the power number curve still declines and indicates the probability of less power consumption at increasing Reynolds number. This means that there is a possibility of further reduction of power consumption at increasing impeller speeds (greater turbulent flow regime). The numerical results of power number obtained by Shekhar and Jayanti [12] was carried out on aneight bladed Paddle impeller (d = 24 mm) mounted at submergence depth (C = 30 mm) in an unbaffled tank of 100 mm diameter (T). The paddle impeller also shows more power consumption (larger power number) than the CD-6 impeller ( Figure 10 ). Experimental (CD-6 impeller) CFD simulation (CD-6 impeller) CFD simulation (Paddle impeller) [12] Experimental (Rushton impeller) [32] sed in this study. It was observed that after a specific increment of impeller speed, no more significant improvement in mixing can be achieved. It was also determined that the axial and radial variation of hydrodynamics in stirred tank were more noticeable than the angular variation. Furthermore, it was verified that the adopted numerical parameters used in this study could be considered as an acceptable numerical parameter for numerical modeling.
